Ceiling and wall paintings pose significant challenges for historic house management due to their position at the interface between the environment and building. Tight restrictions to modifications on built heritage prevent total control of the environment, resulting in temperature and humidity fluctuations. Different hygrothermal responses within the wall painting stratigraphy frequently lead to fracturing and lifting of paint layers, necessitating remedial conservation to readhere areas of detachment. Assessing the success of readhesion interventions is difficult due to the hidden nature of the treatment and, often, limited access.
INTRODUCTION
Loss of adhesion is a common wall painting conservation problem [1] . Its remediation is complicated due to the paint layers forming the interface between the environment and the building. As such, they are especially sensitive to water vapour effects such as hygroscopic absorption and condensation. The presence of salts, uncontrollable environmental conditions, and compatibility of original and previously added materials may all circumscribe wall painting interventions [2] .
Deposition of the adhesive (distinct from the carrier) is a critical aspect of the intervention and notoriously hard to assess as it is essentially a blind treatment [3] . The detail of these investigations has been recounted elsewhere [4] and is summarised here. The point of original failure was established to be in the ground layer, between the oil paint and the support (Figure 3 ), possibly as a result of poor preparation [5] . The cause was hypothesised to be an environmental response to original technique and/or physical history i.e. water infiltration from the apartments above [6] . Extensive investigations into environmental controls resulted some retrofitting to better buffer the building [7] . A programme of emergency flake fixing has been used to minimise the impact of losses to the painted scheme, during which trials assessing different adhesives continued, with BEVA® 371 identified as the most satisfactory adhesive [8] . Annual spot inspections take place from a cherry picker lift and in 2010, comprehensive quinquennial condition monitoring from a boarded out bird cage scaffolding began. However, the most extensive applications of unilateral NMR within cultural heritage have been the study of solvent diffusion and mobility, where it has been successfully employed to monitor conservation cleaning treatments on painted surfaces [5, 10, [14] [15] [16] .
In the work presented here, unilateral NMR was employed to interrogate the depth penetration and final deposition of adhesive used during the conservation of the Queen's Staircase ceiling painting.
The device was positioned such that the excitation cross section was parallel to the surface of the BEVA® 371 is a heat-activated adhesive based on ethylene vinyl acetate copolymer in paraffin wax, and areas previously treated with this adhesive were observed to be hydrophobic in 2016 (Figure 2 ).
Additionally, many solvents suitable for BEVA® 371 also solubilised previously applied varnishes and repainting. These two factors have implications for retreatability, so an alternative adhesive was sought.
Jun Funori is a purified polysaccharide extracted from the red algae genus Gloiopeltis [18] . It is favoured in conservation interventions due to its low surface tension, matte finish, solubility in water, and nontoxic properties [19] . It is also thermo-hygrally stable, optically stable, and not particularly susceptible to biological attack [1] . It was selected for trialling for four reasons:
1) it forms a relatively weak bond [20] , allowing failure at the original fracture if re-exposed to stress 2) it forms a viscous solution at very low concentrations, reducing the amount of material added to the system and therefore limiting alterations in porosity and thermal-hygral behaviour of original material 3) the water carrier is highly polar and therefore does not disrupt previously applied resin coatings 4) it does not curtail retreatment, a key ethical consideration when designing a conservation intervention.
Previous conservators had avoided water-based adhesives, lest the treatment cause swelling of the unbound chalk layer and exacerbate instability. Although aqueous solutions do have the potential to cause swelling and localised fluctuations in humidity, the absolute amount of water introduced to the painting system is small and was posited to evaporate swiftly. Evaporation time and movement Recent research [1] indicates high concentrations of some soluble salts may increase gelling and so hinder penetration of the funori into the substrate, although this did not discount its use in this case.
Firstly, no efflorescence was noted on the painting, despite temperature and relative humidity fluctuation, indicating no obvious salt contamination. Secondly, the goal of this intervention was to readhere two coherent layers, rather than consolidate decohering material; in fact, potential film forming might be considered beneficial in this case.
EXPERIMENTAL

ADHESIVE PREPARATION AND APPLICATION
JUN FUNORI
A 1 % Jun Funori solution was prepared in water containing 2 % isopropanol. Prior to injection the adhesive was warmed and the treatment area was pre-wetted with a 1:1 water/isopropanol solution to reduce surface tension and encourage capillary action of the adhesive into the pores of the paint and substrate. A warm spatula was used to help flakes to relax back into position and to encourage evaporation of the carrier. Excess adhesive was cleared using a barely damp swab.
BEVA® 371
A 1:4 weight/volume BEVA® 371 in petroleum spirits was prepared by gently heating to encourage dissolution. Once in solution the BEVA® 371 was injected behind the paint flake ( Figure 4 ) and a few minutes allowed for solvent evaporation before heat activation using a warm spatula; BEVA® 371 has a heat activation temperature of 65 °C and petroleum spirits an evaporation temperature of between 60-80 °C. Warmth also helped the flake soften and relax back into position. Excess adhesive was cleared from the area using petroleum spirits on swabs. Owing to the presence of the magnet, before analysis could start we needed to establish that there were no metal fixings behind the ceiling painting to a) prevent the magnet attracting metal fixtures and b) prevent interference with the magnetization signal [21] . Therefore, before the two regions for treatment and analysis could be identified it was necessary to consult Hampton Court Palace architectural drawings to determine the presence of modern structural reinforcements, such as rolled steel joists (RSJ) positioned above the ceiling. The positions of the joists were subsequently confirmed using a thermal camera and verified through examination of the void above the ceiling painting accessed from the room above. to obtain spin echoes at different depths through the substrate. This enabled effective spin-spin relaxation times (T 2eff ) to be calculated from the CPMG echo train at each depth [14] .
The instrument was used in 'Profile' mode, which applies CPMG pulse sequences at specified depths through the painting structure [24] . The analytical volume was moved at increments of 50 µm over the total depth of 5,240 µm with pulse sequence parameters for each adhesive treatment as presented in Table 1 . Data were acquired using Prospa software (Magritek, Aachen, Germany) and 
POST TREATMENT ADHESIVE AND SOLVENT INGRESS
The NMR was lowered on the precision lift to enable the Jun Funori adhesive to be injected behind the paint flake and ironed back into place. Once the treatment had been carried out the instrument was brought back into contact with the ceiling and a series of ten consecutive profiles were acquired to monitor the depth of penetration of the treatment and movement of the solvent (water) front. The average echo amplitude of the 16 th through 32 nd echo is plotted in Figure 7b (
dashed line). It is
show that there is a low intensity, broad signal across the 2,250-2,400 µm region that indicates that the adhesive layer has not fully relaxed by the end of the CPMG sequence. This is a reflection of the mobility of the protons in the adhesive/solvent solution, increasing the time required for complete relaxation and realignment with the magnetic gradient.
The 2D contour map in Figure 8 shows the sum of the echo amplitude for the 1 st through 2 nd echo at each sampling depth over ten consecutive profile scans. The signal appears to have dispersed across painting and to the region immediately in front of the painted surface. Later consecutive scans appear to confirm this as the total proton density originates from the ceiling/air interface rather than into the bulk substrate. The solvent does not move into the plaster layers during drying as no significant increase in signal can be seen in the bulk. This has important implications for the use of water based adhesives in such composite structures. These results indicate that evaporation of the solvent tends towards the front of the ceiling painting, which reduces the possibility of damage to the bulk structure caused by moisture sorption. We are undertaking further work to confirm this interpretation.
TWENTY FOUR HOURS AFTER TREATMENT
The 2D contour map in Figure 9a shows the depth resolved CPMG echo decays acquired 24 hours after the initial injection of the Jun Funori adhesive. It is apparent there is a significant drop in the proton density 24 hours after treatment. The decrease in signal suggests that the solvent has fully evaporated, further supported by the loss of signal in the average echo amplitude of the 16 th through 32 nd echoes in Figure 9b (dashed line).
Although much reduced after 24 hours, the signal is twice that of the proton density detected prior to treatment and this increase is attributed to the deposit of the adhesive (Figure 6b and Figure 9b ).
It is apparent from the 2D contour map that the signal spans a larger depth than before adhesive injection; the signal originating from a 50 µm cross section before treatment and a depth of approximately 250 µm after treatment (Figure 9a ). Fitting an exponential to the CPMG echo decay at 
BEFORE TREATMENT
Prior to treatment with BEVA® 371 a depth profile scan was carried out in Position 2, acquiring a CPMG echo decay at 50 µm steps and plotted in Figure 10a as a 2D contour map. It is apparent that the signal covers a larger depth than the region analysed prior to Jun Funori injection. This is likely due to the fact that the paint flake had lifted away from the plaster and is no longer parallel to the ceiling, therefore covered a greater signal depth. This is supported by the sum of the echo amplitude of the 1 st through 2 nd echo at each depth shown in Figure 10b . This plot shows that the proton signal spans from 1,750-2,700 µm, a depth of 950 µm. This broad signal appears to indicate that the void measures in the region of 950 µm, which fits well with visual observation.
POST TREATMENT ADHESIVE AND SOLVENT INGRESS
The precision lift was lowered to allow access for treatment. Following injection of the BEVA® 371 the adhesive was heat treated using a flat iron to activate the adhesive and to encourage the paint flake to return to its original position, flush with the ceiling. Excess material was then swabbed from the surface with petroleum spirits.
The 2D contour map in Figure 11a and echo amplitude plot Figure 11b shows an increased background signal across the entire analysis depth, with the greatest signal increase apparent at the front of the ceiling where the adhesive was injected behind the paint layer. Although the signal spans the entire sampling depth, there are three primary regions of interest, namely 2,400 µm, 2,100-1,750 µm and 1,750-1,550 µm.
The signal at 2,400 µm is believed to originate from the adjacent area of non-flaking paint i.e. paint from the stable regions surrounding the delaminated paint flake. Spanning just over 50 µm in depth and exhibiting a strong signal, it seems likely that this signal sitting further back within the depth of (Figure 10b ).
Directly in front of this region spanning 2,100-1,750 µm is another strong, broad signal, which is assigned to the bulk adhesive and delaminated paint layer. The signal originating from this region has increased by a third following treatment and the corresponding CPMG echo decay shows an increase in T 2eff relaxation from 0.06 ms ±0.02 to 0.08 ms ±0.04. The exponential decays are fitted to data derived from the profile scans, which were optimised for time, rather than fitted to individual CPMG data optimised to improve signal to noise. Therefore it should be noted that these T 2eff values are tentative, exhibiting high errors and values close to that of a single echo time (0.05 ms).
There is a weaker more defined signal across the region of 1,750-1,550 µm at the outmost surface of the ceiling, possibly due to the presence of a varnish layer. A signal of the same intensity is seen before injection of the adhesive, although after treatment appears to have moved forwards by approximately 100 µm relative to the signal at 2,400 µm. This suggests that the adhesive has prevented full alignment of the paint flake back into the recess and that the paint flake standing proud of the surrounding paint work. The total depth of the signal before and after treatment with BEVA® 371 also supports this interpretation and is likely due to the deformed flake not fully flattening back into place with heat. However, on visual inspection the conservation treatment did appear to have significantly reduced the void. Perhaps readhesion is via anchoring of a few discrete points, rather re-bonding of the complete flake area.
After treatment with BEVA® 371 there is an apparent increase in the background signal throughout the depth of the matrix (Figure 10a and 11a) . The analysis was undertaken within 30 minutes of injecting the adhesive/solvent mixture and this increase in signal is thought to be due to solvent migration through the substrate. The solvent carrier used was a relatively volatile petroleum spirit, with a boiling point in the region of 60-80 °C [25] , that appears to have diffused through the sampling depth. Unfortunately, due to time constraints on the scaffolding it was not possible to reanalyse the same area 24 hours after treatment to confirm whether this increase in signal was persistence and was in fact due to evaporating solvent.
CONCLUSIONS
Non-invasive, non-destructive analysis of the paint structure and consolidation treatments was made possible using a unilateral NMR in situ mounted on a precision lift. Custom-made scissor jacks enabled the instrument to be carefully positioned, ensuring that that the excitation cross section was horizontal with the layered paint structure. There were limitations in the precision of analysis owing to vibration in the scaffold, exhibited as small shifts in the signal when personnel mounted the scaffold, or after repositioning of the NMR magnet between treatments.
The NMR profile analysis indicated a signal from the paint layer in the region of 50 µm thick. After treatment with Jun Funori, Position 1 exhibited a signal spanning a greater depth suggesting penetration of the adhesive up to 250 µm. The analysis undertaken 24 hours after treatment clearly showed that the adhesive had dried, seen as a shorter relaxation time, demonstrating the water component had been lost from the matrix. The profile scan of the sum of the echo amplitude of the 1 st through 2 nd echoes over the duration of the initial drying process also suggests that the waterfront moves towards the front of the painting rather than into the bulk of the substrate.
The large void caused by delamination of the paint layer at Position 2 was seen as a broad signal in the 2D contour map. After treatment with BEVA® 371 the adhesive appeared to cover a depth of 350 µm, suggesting that the flake was still not perfectly aligned after treatment. The 2D contour map showed an increased signal throughout the depth of the substrate after treatment with BEVA® 371 attributed to diffusion of the volatile petroleum spirit solvent.
Although time and access allowed only one area for each adhesive to be analysed, results seem to confirm that the adhesive is deposited in a layer between paint and substrate, necessary for good re- 
